INTRODUCTION
Increasing attention has been directed towards advanced technology for high temperature gas turbines to achieve high thermodynamic efficiency for energy conservation. Among these new technologies, development of more effective cooling techniques is essential to acceptable reliability and durability of gas turbine components. A feasible cooling scheme involves the secondary coolant injection through a number of discrete holes provided on the surface to be protected from the hot combustion gases. This has been termed as full-coverage film cooling (FCFC) and is currently under intensive studies [1] [2] [3] [4] [5] .
Flow field and heat transfer in the near-hole region of FCFC are inevitably three-dimensional in contrast to most film cooling theories, which are well applicable to the region far downstream of injection. In addition, the heat transfer problem with FCFC becomes much more complicated with the heat conduction effect inside the film-cooled wall. Therefore further study should be needed to establish a reliable prediction method for FCFC.
A conventional procedure for treating film cooling heat transfer is based on the adiabatic wall temperature and the heat transfer coefficient without fluid injection [6] . The heat transfer coefficient in FCFC, however, might be considerably different from the value assumed, because the turbulent boundary layer on the film-cooled wall is disturbed strongly by the coolant injection. Moreover the heat conduction inside the wall would change the temperature field dependent on the thermal properties of wall material.
An alternative procedure in the case of uniform wall temperature has been proposed by Stanford group [5] , in which the heat transfer coefficient can be obtained for any value of coolant temperature ratio. They have reported the detailed data of Stanton number averaged over each row of injection holes under the various experimental conditions. However, it is uncertain that the heat transfer coefficient of uniform wall temperature condition could be applicable to the general case with heat conduction.
In the present studies of FCFC, the final target is to develop the numerical prediction scheme based on the finite element method for the calculation of temperature distribution inside the fullcoverage film-cooled wall. This first report presents the basic quantitative data obtained by the combined heat transfer/heat conduction experiments with the adoption of acrylic resin and brass as a material for the FCFC wall. In addition, the fundamental feature of FCFC heat transfer is discussed through a consideration of heat balance of unit hole element and a technique for higher cooling effectiveness is demonstrated in the additional experiment.
EXPERIMENTAL APPARATUS AND PROCEDURE
All the experiments have been carried out in the test duct of 200mm x 400mm cross section and 1500mm length provided at the exit of a blowdown wind tunnel as shown in Fig. 1 . The secondary air is heated up to a prescribed temperature at the heating section and is injected into the mainstream through the settling chamber and the holes of FCFC plate. The height of a ceiling plate of the test section has been adjusted so that the pressure gradient in the streamwise direction should be eliminated.
Fig. 1. Experimental setup for FCFC
As a FCFC plate material, acrylic resin as well as brass have been adopted, of which thermal properties are summarized in hole diameters in the streamwise and lateral directions, i.e., p/d = s/d = 5, 10. Fig. 2 shows the FCFC plate of 5 diameters pitch with the 350mm upstream preheating plate of acrylic resin. With turbulence promoters at the leading region, the turbulent boundary layer at the first row of holes becomes almost fully-developed. The preheating electric power input into the stainless steel foil has been regulated so that the wall temperature changes continuously from the preheating plate to the FCFC plate. 
EXPERIMENTAL RESULTS AND DISCUSSION

Velocity Profile at Injection Hole Exit and Head Loss Coefficient of FCFC Plate
The tested FCFC plate of 5d-pitch has 72 injection holes in 11 rows of holes, while that of 10d-pitch 21 holes in 6 rows. In the preliminary measurement by a hot wire anemometer, it has been confirmed that the secondary air flow is uniformly distributed to each injection hole.
Using the coordinate system in Fig. 3 , typical data of velocity profile and turbulence distribution at the exit of injection hole are shown in Fig. 4 for p/d = 5 and u = 10.1 m/s. Because of a finite thickness of plate, a M-shaped velocity profile, which is asymmetric in the streamwise cross section, is established. The turbulence intensity is considerably strong due to the flow separation at the inlet of Fig. 3 . Coordinate system at the hole exit The temperature measurements have been made by copper-constantan thermocouples of 70Dm in diameter, except that of FCFC wall surface temperature obtained by making use of the selective light scattering of cholestelic liquid crystal [7, 8] . The liquid crystal presently used consists of cholesteryl-oreil carbonate, cholesteryl chloride and cholesteryl nonanoate. It has been enclosed in capsules of 5-30um in diameter and these capsules are pasted and fixed uniformly by 100um in thickness on the FCFC plate. In the case of acrylic resin plate, the wall surface covered with liquid crystal is illuminated by the sodium light source of 59801 in wavelength. Then the isothermal contour, which is corresponding to a certain absolute temperature, can be recorded by monochromatic photography. The diagram of local cooling effectiveness later described has been composed by , no appreciable spanwise variation of surface temperature has been observed in the case of brass plate due to the remarkable effect of heat conduction. Therefore, under each experimental condition the streamwise position, x/d, of a spanwise green line has been measured through the iterated observation of naked eyes. After the precise calibration, the reproducibility of temperature measurement with the liquid crystal has been estimated at least within ±0.2°C in comparison with the Cu-Co thermocouples. hole and has its peak value in the region of large velocity gradient. Similar results have been obtained under other conditions of p/d and M. Fig. 5 summarizes the measured head loss coefficient, C L , for the FCFC plates of 5d-and 10d-pitches without the free stream. The CL value of p/d = 10 seems to be much smaller than that of p/d = 5, but the head loss of the former itself is by 10 times larger than that of the latter at the same condition of total secondary flow rate. In the present study, the cooling performance of FCFC is expressed in the form of the cooling effectiveness defined as follows:
The meaning of the above definition is to what extent the film-cooled wall temperature approaches the temperature of the secondary coolant not yet involved in the FCFC heat transfer. In the following, the quantitative data are given related with the dependency of nw on the thermal properties of FCFC wall, the hole pitch, the coolant-to-freestream mass flux ratio and the free stream velocity. Fig. 6 is the typical photograph of 5d-pitch acrylic resin plate covered with liquid crystal which These regions, however, become narrower with the mass flux ratio increased. Therefore, it is implied that the cooling performance decreases with M increased. In addition, it can be said that the area of favorable effectiveness is generally increased in the downstream region due to the superimposed effect of upstream injections. Considering the fact that the order of Bi of the acrylic resin plate should be 10 -3 , these features of surface temperature distributions must be well corresponding to the flow patterns on the FCFC wall. Fig. 8 represents the spanwise distributions of cooling effectiveness at the 1st, 5th, 9th rows of holes. It is more clearly recognized that the cooling effectiveness decreases monotonically with M over the range studied particularly in the upstream region. The reasons for these tendencies should be that the injected coolant jet penetrates more vigorously into the mainstream and that the mainstream fluid flows around the coolant jet and sweeps directly on the wall [9] .
The cooling effectiveness diagrams of 10d-pitch FCFC plate with u os = 10 m/s are represented in Fig 9. With M increased, n w tends to decrease similarly to the case of p/d = 5, but more remarkably. In addition, it is noted that there appear wide strips of very poor effectiveness in between the streamwise lines of holes. In the case of M = 2.6, even the contour of n w = 0.18, which has been the lowest value measureable in the experiment, loses its continuity over the successive injection holes. It could be said that the coolant jet injected penetrates completely into the mainstream across the turbulent boundary layer.
Figs. 10 and 11 summarize the distributions of spanwise averaged effectiveness, ri - x/d 
Cooling Effectiveness of Brass Wall
Throughout the experiment of brass FCFC plate, no appreciable spanwise distribution of fl w has been observed due to the strong heat conduction effect inside the wall. As a result, the variation of fl w value in the lateral direction is estimated about ±31 at most at the x/d location examined.
The results of brass wall are summarized and represented in Figs. 12 and 13. Generally speaking, the effectiveness of brass is considerably higher than that of acrylic resin and at the same time the streamwise distribution is smooth without any peaks at the injection. With M increased, the cooling effectiveness rises in contrast to the acrylic resin and seems to approach a certain saturated value.
The comparison between Figs. 12 and 13 suggests that the mainstream velocity does not affect markedly the value and distribution of fl w . But it is important to mention that the results of p/d = 10 give considerably poor values compared with those of p/d = 5 and that the former tends to be saturated in a shorter streamwise distance. The reason for the decrease of TI -w might be the intense mixing of the coolant jet with the mainstream fluid as well as the decrease of the hole interior surface where the heat transfer is much enhanced. Fig. 15 . Additionally, the effectiveness obtained in the case of uniform blowing has been calculated by referring to Torii et al. [10) as shown in Fig. 15 . At first, it can he concluded generally that the cooling effectiveness of brass is much higher than that of acrylic resin, so the suitable design process must take into account the thermal properties of filmcooled wall. Secondly, the injection hole pitch feasible in practical design is considered to range about from 5d to 10d, while the effect of hole pitch is distinguished over this range. Therefore, it must he noted that the smaller pitch should be preferable from the view point of heat transfer. In addition, it can be also said that the cooling performance of uniform blowing is extremely good with the same total secondary coolant supply, although the FCFC performance can be considerably improved in the case of thermally conductive wall as described in the following.
FCFC Heat Transfer and Improvement of Cooling Performance
The coolant temperature at the injection hole exit, T2 0 , has been adopted as one of the boundary conditions or the experimental conditions in nearly all studies of discrete-hole cooling [1] [2] [3] [4] [5] [6] . In the present study this temperature is condsidered to be arbitrarily changed according to the heat transfer which the coolant experiences before injected from the hole exit, i.e., the problem is based on the total temperature difference between the coolant supplied, T2, and the free stream, T. Let us consider approximately the heat balance of threedimensional temperature field near an injection hole as shown in Fig. 16 . Referring to the order of Biot number in practical use as well as the results of the brass plate presently studied, it is assumed that the temperature change in a solid wall can be neglected compared with the total temperature difference, (T.-T2). So the wall temperature is approximated to be uniformly at r-C4 .
Fig. 16. Unit hole element model for FCFC heat transfer
Additionally, the temperature field associated with each row of holes is supposed to vary slowly in the streamwise direction. Then the heat flow transferred from the mainstream is balanced with the enthalpy flux of the coolant at the hole exit, via the heat conduction inside the wall and the heat transfer on the backside and hole-interior surfaces of the plate. Besides, there must be a certain adiabatic plane around the hole in between the neighboring holes.
For this control volume, which is surrounded by the upper and lower surfaces of the plate and the adiabatic plane, the heat balance equation is formulated as follows: In Figs. 14 and 15 already mentioned, the cooling effectiveness does not change remarkably with the free stream velocity. According to (A) above, this fact means that there does not occur a large change in the relative value of Stanton numbers, St/St H . In addition, it is more clearly understood through the consideration of (B) that the hole pitch should have serious influence on the effectiveness under the same condition of M.
Concerning the statement of (C), the techniques of internal convection cooling or impingement cooling have been already developed and adopted in the conventional design of turbine brades. In the present study, the supplementary heat transfer experiment has been performed as shown in Fig. 17 . The holes of d in diameter have been drilled on the plate of 3mm thickness in the staggered manner as same as the FCFC plate. This perforated plate is inserted by 3d upstream of the FCFC plate, while the placement of holes of the inserted plate and the FCFC plate are relatively staggered. Thus, the secondary cooling flow has an additional stage of high heat transfer preformance as multi-impinging jets before flowing into the injection holes [11, 12] .
The results of measurement are given in Fig. 18 . As is easily understood, the cooling performance has been quite improved and the value reaches more than T1 -14 = 0.8. From these results, it is concluded that the heat transfer augmentation on the backside surface as well as the hole-interior surface should be of great importance to suitable design of FCFC.
Finally, the statement of (D) is discussed. In Fig. 4 previously shown, the temperature distribution at the hole exit is included. From these data, the non-dimensional bulk temperature at the hole exit, 0 20 , can be calculated by Eq. (9) as shown in Fig. 19 . It is apparent that the heat exchange of coolant before injection is very vigorous in the case of the brass plate. Moreover, by using the values of T) w and 620 obtained in the experiment, St and St H for the brass plate are calculated at the 5th row of holes by Eqs. (7) and (8), and plotted also in Fig. 19 . St calculated for the acrylic resin plate is given additionally. At first, St is increasing with M, but no appreciable change in St H is obtained over the range examined. The difference of St between brass and acrylic resin is due to the difference of 020, i.e., the film temperature in the turbulent boundary layer must be different. From Eq. (10), the heat exchange on the backside and hole-interior surface can be relatively accounted for by using MSt H , which is also shown in Fig. 19 , against HSt for the upper surface. In the case of the brass plate, MSt H is considerably large compared with HSt (H = 0.642 in this case) and the difference is increasing with M. This results in the increasing tendency of rw . But, referring to the fact that n w is to be saturated with M in Fig. 14, it would not be advantageous for design to increase M much more beyond the range presently studied. 
CONCLUSIONS
The combined heat transfer/heat conduction experiments were performed by adopting the two kinds of FCFC wall materials with a particular attention to the effect of thermal properties.
The 30°-slant injection holes were provided in the staggered manner with the pitches of five and ten hole diameters respectively, while the free stream velocity was changed to be 10 and 20 m/s. The surface temperature measurement has been successfully made with the aid of cholesteric liquid crystal.
As a result, the basic quantitative data are given for the coefficient of head loss across the FCFC plate as well as the local and averaged cooling effectiveness for each material tested. It is emphasized that the thermal properties have remarkable influence on the cooling effectiveness due to the heat conduction inside the wall. Also the hole pitch and the mass flux ratio affects appreciably the FCFC performance, although the tendency itself depend upon the wall properties. In addition, the general features of FCFC heat transfer have been pointed out through the consideration of heat balance of unit hole element. Finally, the improvement of FCFC performance has been discussed with a typical technique demonstrated experimentally.
